Introduction: E-cigarettes (Electronic Nicotine Delivery Systems, or ENDS) are an increasingly popular tobacco product among youth. Some evidence suggests that e-cigarettes may be effective for harm reduction and smoking cessation, although these claims remain controversial. Little is known about how nicotine dependence may contribute to e-cigarettes' effectiveness in reducing or quitting conventional smoking. Methods: A cohort of young adults were surveyed over 4 years (approximately ages 19-23).
Introduction
The use of Electronic Nicotine Delivery Systems (ENDS) or electronic cigarettes ("e-cigarettes") has drastically increased over the recent years, 1, 2 and this trend has outpaced research on the implications of e-cigarette use for overall use of any tobacco product, nicotine addiction, and health outcomes. As a result, there is currently little consensus on e-cigarettes in terms of their overall risk and safety to tobacco users. On one hand, serious concerns are being raised about e-cigarettes attracting new tobacco users, especially adolescents. [3] [4] [5] [6] In particular, some argue that e-cigarettes act as a "gateway" to tobacco use for youth by spurring the development of addiction, which in turn increases adolescents' chances of becoming lifetime users of e-cigarettes and/or conventional cigarettes. [3] [4] [5] [6] [7] [8] On the other hand, others point to the improvements that e-cigarettes may offer over conventional cigarettes in at least two ways.
First, e-cigarettes may be a mechanism for harm reduction due to the lack of combustible components that pose such serious health risks in conventional cigarettes. That is, smokers who use e-cigarettes as a way to replace some of their conventional cigarette smoking are likely reducing their net exposure to tars and toxins, thus reducing their health risks, [9] [10] [11] [12] although e-cigarettes still contain some amount of toxins and carcinogens. 13 A second possibility is that e-cigarettes might be effective at helping conventional smokers quit. In fact, a common reason for the use of e-cigarettes is to help users reduce or quit conventional cigarettes, [14] [15] [16] [17] and e-cigarettes are often marketed as such. [18] [19] [20] [21] The evidence for these claims is mixed; however, some limited evidence suggesting that e-cigarettes can help cigarette smokers quit either in randomized studies 22 or in real-world settings, 23, 24 but others showing no effect on cessation. 25, 26 One important aspect of e-cigarettes that remains understudied is the potential role of nicotine dependence in smokers' use of e-cigarettes' to reduce or quit conventional smoking. Despite the implicit assumption that nicotine dependence contributes to the use of, and transitions between, e-cigarettes and conventional smoking, very little research has rigorously examined the role of nicotine dependence, a construct that can be independent of smoking behavior, 27 especially among youth. 28, 29 In particular, both the smoking reduction hypothesis and the cessation aid hypothesis assume that the users have some level of underlying nicotine dependence, since they would be using e-cigarettes as nicotine replacement devices under these explanations. This raises the question of whether nicotine dependence moderates the effects of e-cigarette use on conventional smoking. For example, are e-cigarettes effective for reducing or quitting conventional smoking only among highly nicotine-dependent smokers? Conversely, are they harmful for novice and nondependent conventional smokers by triggering the development of nicotine dependence?
The current study tests the potential of e-cigarettes for smoking reduction and as a cessation aid among a cohort of young adult smokers. Varying coefficient models (VCMs) were used to examine the relationship between e-cigarette use and conventional smoking behavior, and how this relationship varies in strength across tobacco users along the full range of nicotine dependence. To test the smoking reduction hypothesis, we examined the concurrent relationships between e-cigarette use and conventional cigarette use and evaluated whether e-cigarette use was associated with reduced conventional smoking behavior among highly nicotine-dependent smokers. To test the cessation aid hypothesis, we examined whether e-cigarette use predicted future conventional smoking behavior among youth who reported using e-cigarettes to help them quit smoking.
Methods

Sample
Data were drawn from the Social and Emotional Contexts of Adolescent Smoking Patterns (SECASP) Study, a longitudinal cohort study of adolescent smokers in the greater Chicago area. Briefly, 9th and 10th graders from 16 high schools were given a brief screener survey, and those qualifying as novice smokers (smoked <100 cigarettes/lifetime) and light smokers (smoked >100 cigarettes/lifetime and smoked within the past 30 days, but smoked ≤5 cigarettes/day), as well as random samples of nonsmokers, were invited to participate (N = 3654). Of these, 1263 provided their own or their parent's consent and completed the baseline survey. Full details of sample selection have been described previously. 29 Several follow-up surveys were conducted over 8 years after the baseline survey. The current study draws data from the 5-, 6-, 7-, and 8-year follow-up waves, because these contain data on e-cigarette use. Participants were 23.6 years old on average at the 8-year follow-up. Retention at 8 years was 79.7% (n = 1007), and those who remained in the study were more likely to be female (86.9% vs. 70.4%, p < .001) and reported less frequent smoking at baseline (3.6 vs. 4.8 days smoked out of the past 30, p = .03). For the current study, nonsmokers of conventional cigarettes throughout the fulltime range under consideration (5-through 8-year follow-up waves) were excluded (n = 421). The final analytic sample size was n = 586, and its demographic and tobacco use characteristics are shown in Table 1 .
Measures
Cigarette smoking was measured at each wave as smoking frequency in the past 30 days ("On how many days did you smoke or try cigarettes?"). Original response categories were 0, 1, 2-3, 4-5, 6-7, 8-10, 11-20, 21-29, and all 30 days, and this was used as a numeric variable based on the midpoint of each category. A measure of frequency rather than quantity (e.g., cigarettes per day) was selected as the outcome, due to prior research showing that frequency is a consistent, strong predictor of nicotine dependence among this sample. [28] [29] [30] Lifetime e-cigarette use was measured at each wave as either "Have you ever tried e-cigarettes" (5-through 7-year waves) with a binary response or "How many e-cigarettes have you used in your entire life?" (8-year wave) with 8 possible response options ranging from "never used a cartridge/e-cig" to "500 or more cartridges/ecigs." The responses from the 8-year wave were dichotomized into never versus any e-cigarette use in order to harmonize the variable with previous waves.
Recent e-cigarette use was measured at each wave as the number of days the participant reported using e-cigarettes in the past 30 days. Original response categories were "0," "1-2," "3-5," "6-9," "10-19," "20-29," and "all 30 days." These responses were coded numerically as the midpoint of each category for these analyses.
Nicotine dependence was measured using a version of the Nicotine Dependence Syndrome Scale (NDSS) 31 which was adopted for use in adolescent smokers 32, 33 into a 10-item scale that mainly reflect "drive" and "tolerance" dimensions of nicotine dependence. Each item was assessed on a 1-4 scale, and the 10 items were averaged into a combined NDSS score.
Quit attempts were self-reported as a binary (yes/no) variable at each wave. Only data from the 5-year follow-up was analyzed. Separate items assessed quit attempts using: e-cigarettes (n = 74); a smoking cessation group (n = 7); a help or quit line (n = 1); an internet help site (n = 19); Zyban (n = 7); Chantix (n = 7); an herbal strategy (n = 23); and nicotine replacement products (n = 49). Due to small sample size, quit attempts using a smoking cessation group, help or quit line, and Internet help site were combined into a single category; and Zyban and Chantix were combined into a single category.
Past-week smoking quantity was measured at each wave using the question "during the last 7 days, how many cigarettes did you smoke?" Demographic characteristics included age, sex, and race/ethnicity (dichotomized as white vs. non-white).
Analyses
VCMs were used to examine how the relationship between cigarette smoking and e-cigarette use is modified across the severity of nicotine dependence. VCMs were run using a publicly available SAS macro, 34 version 3.1.0, developed for analyzing time-varying effects of intensive longitudinal data. VCMs are regression-based models that examine moderation continuously across a variable (most often a time variable) without imposing strong parametric assumptions about the shape of the nature of the change (e.g., specifying that the coefficient varies in a linear or quadratic manner across the range of the moderating variable). 35 Instead, the curve is estimated empirically using spline methods, by fitting a lower order polynomial curve within each interval based on the user-specified number of knots. 35 This TVEM macro produces coefficient estimates along the range of the moderating variable, along with corresponding 95% confidence bands. Here, VCMs were run to examine moderation along the range of nicotine dependence (rather than time), which we refer to as "nicotine dependence varying effects." Nicotine dependence varying effects were interpreted with respect to whether the 95% confidence band is different from 0 (conservatively indicating a statistically significant coefficient), and whether the confidence bands overlap (nonoverlapping bands conservatively indicate a significant change in the coefficient), across different values of nicotine dependence. Separate models were used to test the two hypotheses as described below. All VCM's were run with P-spline estimation and 10 knots.
Smoking Reduction Hypothesis
We examined whether e-cigarette use is associated with cigarette smoking and whether this association differs across tobacco users with varying levels of nicotine dependence. We used VCM's to examine the nicotine-dependence-varying relationship between (1) lifetime and (2) recent e-cigarette use and past-month smoking frequency. A nicotine dependence varying intercept was also included to account for differences in mean smoking frequency across the range of nicotine dependence. All time points were pooled in this analysis both to increase sample size and because we did not anticipate large differences in the effect from year to year. Multilevel modeling was used to account for repeated observations. Control variables included age, sex, white race/ethnicity, and past week smoking quantity. Under the smoking reduction hypothesis, e-cigarette use would be negatively associated with conventional cigarette smoking (i.e., a significant and negative coefficient), reflecting that smokers are replacing conventional cigarettes with e-cigarettes as a source of nicotine, especially among those who are highly nicotine dependent (i.e., a larger negative effect at high values of nicotine dependence).
Cessation Aid Hypothesis
We next examined the potential viability of e-cigarettes as a smoking cessation aid within our sample. In order to preserve the temporality of this relationship, we analyzed smoking frequency at the next sequential wave as the outcome. This resulted in three possible pairs of time points: e-cigarette use at 5 years with smoking at 6 years, e-cigarette use at 6 years with smoking at 7 years, and e-cigarette use at 7 years with smoking at 8 years; e-cigarette use at 8 years was not examined due to the lack of data on future smoking. Using VCMs, we examined the relationship between recent e-cigarette frequency and future smoking frequency and how this likelihood differs across tobacco users with varying levels of nicotine dependence, while controlling for concurrent smoking frequency, concurrent smoking quantity, age, sex, and white race/ethnicity. Separate models were run for observations in which participants reported having used e-cigarettes to quit and those in which they did not. Under the cessation aid hypothesis, (1) we would expect the odds of using e-cigarettes as a cessation aid to increase among more nicotine-dependent conventional smokers, and (2) among those who use e-cigarettes as a cessation aid, lifetime e-cigarette use should be associated with reductions in future smoking frequency, consistent with a nicotine replacement approach. For comparison purposes, similar follow-up models were run examining other quit methods. 
Results
Smoking Reduction Hypothesis
A VCM revealed that among participants who smoked at least once during the included time range, the relationship between lifetime e-cigarette use and smoking frequency substantially varied across those with different levels of nicotine dependence, after adjusting for age, sex, white race/ethnicity, past-week smoking quantity, and a time-varying intercept that allows different smoking frequencies as a function of nicotine dependence (Figure 1 ). Among participants with very low dependence (NDSS < 1.2), those who ever smoked e-cigarettes smoked slightly more frequently (by at most a coefficient (B In contrast, recent (past-month) e-cigarette use was not associated with differences in past-month smoking frequency at any level of nicotine dependence (data not shown).
Cessation Aid Hypothesis
By wave 8, nearly half of cigarette smokers who ever used e-cigarettes reported using them to quit smoking at some point. First, a VCM was run to examine the nicotine dependence varying odds of using e-cigarettes to quit smoking. After controlling for age, sex, white race/ethnicity, and past-week smoking frequency, the odds of using e-cigarettes to quit smoking were nonsignificant across the full range of NDSS (results not shown). This indicates that a participant's nicotine dependence did not moderate the odds of using e-cigarettes to quit smoking.
Next, the nicotine dependence varying effects of e-cigarette use on future smoking frequency were examined after accounting for prior smoking behavior and demographic factors (Figure 2 ). Among those who reported using e-cigarettes to quit smoking, the frequency of recent e-cigarette use was not associated with future cigarette smoking frequency, as indicated by the confidence band overlapping 0 throughout the range of nicotine dependence (average B = 0.1 days out of the past month, CI: −0.2 to 0.4]). On the other hand, among those who did not use e-cigarettes to quit smoking, recent e-cigarette use was associated with more frequent smoking for those at very low (NDSS < 1.2, by at most B = 1.1 days out of the past month, CI: 0.2 to 2.0) and high (NDSS between 3.1 and 3.8, by on average B = 0.9 days, CI: 0.2 to 1.6) levels of nicotine dependence.
To compare the use of e-cigarettes as a quit aid with other methods of quitting, follow-up VCMs were run examining the nicotine dependence varying effects of (1) seeking support from a cessation group, Internet, or phone resource; (2) using a prescription (Zyban or Chantix), (3) using an herbal strategy; and (4) using nicotine replacement products (all reported at the 5-year follow-up wave) on future smoking frequency (data not shown). Of these methods, only nicotine replacement products were significantly associated with later reductions in smoking frequency (by up to 11 fewer days smoked out of the past month) and only among those with the highest levels of nicotine dependence (NDSS > 3.7). Among lessdependent cigarette smokers, nicotine replacement therapy was not significantly associated (either positively or negatively) with later smoking frequency.
Discussion
This study examines the longitudinal association between e-cigarette use and conventional cigarette smoking behavior among a cohort of young adults. Importantly, we examined the moderation of these relationships by nicotine dependence severity, a factor essential to understanding the interrelationships of tobacco products, using VCM's. In general, the relationship between lifetime e-cigarette use and conventional smoking is substantially impacted by nicotine dependence level. In particular, highly nicotine-dependent smokers tend to smoke conventional cigarettes less frequently if they ever used e-cigarettes, while the opposite was observed in nondependent smokers. However, nicotine dependence did not appear to moderate the use of use e-cigarettes for the purpose of conventional smoking reduction or cessation. The finding that highly dependent cigarette smokers tend to smoke less frequently if they ever used e-cigarettes may indicate diversification of tobacco products. That is, highly dependent smokers may be replacing some of their conventional cigarette smoking with e-cigarettes. 36 If true, e-cigarettes may be an effective method of harm reduction, since many of the harmful effects of cigarettes are due to combustible elements. 9, 12 On the other hand, those with very low nicotine dependence smoked slightly more frequently if they ever used e-cigarettes, which may warrant warning youth against initiating e-cigarette use. 11, 37 In considering whether e-cigarettes pose a net harm or benefit, the magnitudes of effect (larger for the reduction in smoking frequency) and the population distribution along the nicotine dependence range (larger for less-dependent smokers) must be weighed against each other. Alternatively, however, the fact that no concurrent relationship was observed raises another possibility that dual users of e-cigarettes and conventional cigarettes are a different subpopulation than exclusive cigarette smokers who may differ in their smoking frequencies due to other reasons.
Although the safety and long-term outcomes of e-cigarettes are still uncertain, previous work argues that e-cigarettes may be valuable as a harm reduction approach. [9] [10] [11] 13 The current findings support this to some extent, under the assumption that these smokers are replacing conventional smoking with e-cigarettes to some extent. 36, 37 However, the extent and temporality of any such replacement is unclear since recent e-cigarette use was not associated with reductions in concurrent smoking. This warrants further research with larger sample sizes of dual users. If these findings are validated in future research, e-cigarettes are likely to have the biggest positive impact on highly dependent smokers, both because they show the biggest reduction in conventional smoking and because they are the smokers most likely to persist smoking in the long term.
Additionally, our findings fail to support e-cigarettes as a tool for quitting conventional smoking. Specifically, more nicotinedependent cigarette smokers are not more likely to use e-cigarettes to quit smoking, and those who did use e-cigarettes to quit did not show decreases in future cigarette smoking that were explained by e-cigarette use.
The lack of support for the cessation aid hypothesis may indicate that e-cigarettes are truly not effective for quitting conventional cigarette smoking; however, e-cigarettes were comparable to other quit methods in this respect, with the exception of nicotine replacement among severely nicotine-dependent cigarette smokers. Overall, e-cigarettes were not more effective than nicotine replacement in reducing subsequent smoking frequency. This finding is consistent with previous research showing that e-cigarette use is not significantly associated with later cigarette abstinence. 25, 26 Alternatively, these findings may indicate a lack of statistical power to detect an underlying effect. Limitations of the existing data set, namely, that we could not fully separate e-cigarette use during a cessation attempt from recreational e-cigarette use may have weakened the effect and made it more difficult to detect in our data.
The cessation potential of e-cigarettes is still a matter of active debate, and more well-controlled trials are needed to help shed light on this question. As described above, some research has failed to find e-cigarettes effective as a quit aid. On the other hand, other randomized studies concluded that e-cigarettes can be somewhat effective as a cessation aid, 22 and other studies of real-world quit attempts showed that e-cigarettes were more effective than traditional nicotine replacement therapy in maintaining abstinence. 23, 24 These studies suffered from notable limitations, however: Of the real-world studies, one was cross-sectional 23 and the other presented only 3 individual cases. 24 Further research is needed to examine whether e-cigarettes can be a cessation aid, especially in relation to the underlying nicotine dependence level.
This study extends existing research in critical ways, primarily in relation to how nicotine dependence may alter the relationship between e-cigarette use and conventional smoking. This is a notable gap, considering that many hypotheses about the implications of e-cigarettes assume the development or presence of nicotine dependence, either implicitly or explicitly. For example, e-cigarettes would only be effective in reducing or eliminating conventional smoking behavior if nicotine dependence prompts the smoker to seek out nicotine in other ways. Thus, examining nicotine dependence is an essential part of understanding the relationship between e-cigarettes and conventional cigarettes, and our findings show that the tobacco use patterns of highly nicotine-dependent users differ greatly from those with very low levels of nicotine dependence.
The current study has several limitations which should be taken into account. First, these data are observational in nature. This limits our ability to draw causal conclusions in general, and additionally may limit the analysis on the cessation potential of e-cigarettes, relative to experimental studies. However, studying self-initiated cessation attempts in participants' natural environments is also valuable because it is likely to be more realistic. Second, these analyses are limited by the available variables, especially regarding e-cigarette use. In particular, lifetime and recent e-cigarette use did not separate use during quit attempts from recreational use; thus, those who used e-cigarettes to quit smoking may have also used e-cigarettes recreationally outside the quit attempt. This may have weakened the effects in the analysis of their potential for cessation. Third, the varying effects of nicotine dependence were examined across subjects, not within subjects, meaning these trends may reflect different types of tobacco users rather than direct effects of increasing individuals' levels of nicotine dependence. Fourth, dependence on e-cigarettes is currently not wellstudied, and thus the current study is unable to distinguish nicotine dependence due to e-cigarettes vs. conventional cigarettes. Finally, the current sample was in late adolescence or early adulthood during the rapid rise in e-cigarettes. Thus, these findings may not generalize to youth today who are entering adolescence in an environment where e-cigarettes are already prominent. Ongoing research is needed to continually assess the relationship between e-cigarettes, conventional cigarettes, and nicotine dependence as trends change.
This study has several strengths. First, the current sample is one of the only existing longitudinal cohort studies that assesses e-cigarette use, which allows a timely and important examination of their potential for harm reduction and cessation. Second, this study is among the first to examine the essential role of nicotine dependence when considering the effect of e-cigarette use on conventional smoking. Third, the use of VCM's are an innovative and rigorous way to examine how the effect of e-cigarettes on conventional smoking may vary across tobacco users along the range of nicotine dependence.
The current study advances existing research on the correlates and outcomes of e-cigarette use, by supporting the use of e-cigarettes for some smokers but not for smoking cessation. Notably, the current findings show a complex, nonlinear relationship with nicotine dependence that may warrant different usage guidelines for different types of users. In particular, e-cigarette use may prove effective at reducing harm among highly nicotine-dependent cigarette smokers, but it may be appropriate to caution novice and nondependent smokers against using e-cigarettes see. 10 ,11 E-cigarette use did not appear to be effective as a tool for reduction or cessation of conventional smoking. However, this effect was comparable to other quit methods except for nicotine replacement therapy, which did show a benefit among highly nicotine-dependent smokers. Future research using experimental and longitudinal designs is needed to evaluate these findings among other populations, especially as e-cigarette trends continue to change.
Funding
